To fabricate microlaboratories, commercially available silica glasses represent a good alternative to the expensive quartz or fused silica substrates. Therefore, the authors have here investigated the behavior of four of them-Vycor, Pyrex, D263, and AF45-in SF 6 and SF 6 / Ar inductively coupled plasmas. Using Vycor, a material close to pure SiO 2 , as a reference, they demonstrated that the etch rate negatively correlates with the global content in metallic oxides. However, no such clear trend was found for the surface roughness and they hypothesize that the large asperities ͑Ͼ500 nm͒ sometimes observed might be due to local variation in the glass surface composition. Furthermore, investigations on the influence of the plasma conditions ͑i.e., source power, dc self-bias, gas mixture, and pressure͒ on the etch rate, surface chemistry, and surface morphology, as well as positive ion current and fluorine concentration measurements, enable them to unravel an ion enhanced chemical etching mechanism, where stronger ion assistance is needed when more metallic oxides are present. By increasing the ion to neutral flux ratio, they consequently could, for all the materials, reduce the surface roughness to less than 5 nm while maintaining etch rates around 150 nm/min. These conditions have further been used to optimize pattern transfer experiments.
I. INTRODUCTION
Compared to silicon, quartz or pure fused silica are selected materials for the fabrication of biochips. Indeed, they benefit from transparency in the UV-visible range and exhibit a low dielectric breakdown threshold. 1 The first of these properties is valuable for fluorescence intensity measurement, one of the most used detection technique in microfluidics, whereas the second one is a necessity for both electrokinetic pumping 1 and electrophoretic separation. 1, 2 Moreover, unlike most of the transparent polymers today employed to devise microlaboratories ͑e.g., polydimethylsiloxane and polymethylmethacrylate͒, quartz and fused silica are extremely resistant to corrosive solutions and organic solvents, which enable applications in chemical synthesis. Thermal stability is another interesting feature characterizing the two materials. 3 Associated with high enough heat transfer coefficients, it enables the conception of efficient chips for both driving and studying chemical reactions. 1, 4 Finally, plasma processing techniques, derived from microelectronics, are now well established for these substrates. They allow the realization of microchannels, [5] [6] [7] [8] as well as micro-and nanostructures with high aspect ratio. 2 However, quartz and fused silica are rather expensive in contrast with silica glasses. Consequently, the latter materials represent a good alternative for the fabrication of both research prototypes and disposable commercial devices. Actually, even if they generally contain various metallic oxides that are either intentionally added during synthesis to optimize optical and mechanical properties or left in place to avoid expensive purification, silica glasses offer similar characteristics at a much lower cost. 3 Etching of SiO 2 has been studied for more than 30 years now. The mechanisms that, in fluorocarbon plasmas, lead to selective etching with respect to the mask material and that control pattern transfer are well understood. 9, 10 Furthermore, the specific requirements necessary to obtain deep features and the conditions that favor efficient processing have been identified. For example, a plasma rich in CF 3 and CF 2 species allows to obtain selective, anisotropic, and reasonably fast etching. 11 As far as silica glasses are concerned, studies have previously been carried out with various plasma chemistries, e.g., CHF 3 / SF 6 , 12 CHF 3 / CF 4 , 13, 14 and SF 6 / Ar. 3, 15, 16 When relying on metal masks, such as nickel or chromium, SF 6 -based plasmas are of particular interest 17 since at the end of the process, one can expect sidewalls to be essentially free from any contamination or passivation layers, 18 which are typical drawbacks associated with the use of fluorocarbon-based plasmas. Besides, the addition of Ar to SF 6 has been reported to reduce pattern defects, such as microtrenching and undercut, 16 as well as to decrease the roughness of the etched a͒ Electronic mail: christophe.cardinaud@cnrs-imn.fr surface without decreasing the etch rate. 17 Nevertheless, the metallic oxides contained in silica glasses often result in the production of nonvolatile compounds ͑e.g., AlF 3 and NaF͒. The understanding of such phenomenon and its consequences ͑reduced etch rate and altered surface properties͒ therefore require some detailed investigation.
The aim of the present work is first to unravel the etching mechanism of silica-based materials under SF 6 / Ar inductively coupled plasmas ͑ICP͒. Four commercially available glasses were selected in order to cover various situations in terms of quantity and nature of the contained additives ͑Table I͒. Vycor that is only made of silicon and boron oxide was used as a reference. Then, we chose Pyrex that includes some Na 2 O and some Al 2 O 3 . Finally, the list was completed with D263, a zinc borosilicate, and AF45, a barium borosilicate. For the four materials, the etch rate, R etch , as well as the surface properties, i.e., the arithmetic surface roughness, R a , and the atomic composition, have been analyzed as a function of the etching time, source power, dc self-bias, pressure, and gas mixture. After having proposed some rules to achieve process improvement, we devised recipes in order to etch trenches at more than 200 nm/min and with a final surface roughness lower than 5 nm ͑both limits being chosen to enable, in a reasonable time, the fabrication of structures with a depth of a few microns and with a surface quality in adequacy with applications in microfluidics͒.
II. EXPERIMENT
AF45 and D263 glass sheets were from Schott AG ͑Grünenplan, Germany͒. Pyrex 7740 and Vycor 7913 substrates were polished by OPA-Opticad ͑Mitry-Mory, France͒. Their detailed composition in weight can be found in Ref. 12 , whereas it is given in moles in Table I . All the samples were ultrasonically cleaned in acetone, rinsed with deionized water, and dried with N 2 . The initial roughness of these commercial materials is around 1 nm.
For etch depth measurements, masking was performed using a stripe of thermosetting poly-diallyl-phthalate resin ͑Mi-cro Resist Technology, Berlin, Germany͒ deposited onto the samples with a cotton brush before processing and removed with acetone before profilometry. Pattern transfer experiments relied on substrates masked with 80 nm thick nickel features. 12 The etching studies were carried out in SF 6 and SF 6 / Ar plasmas using an ICP reactor. 19 The samples ͑typically 20 ϫ 10 mm 2 large and between 145 and 500 m thick͒ were placed on either a Si or an Al wafer ͑100 mm in diameter͒ that was mechanically clamped to the substrate holder. The latter was maintained at 20°C via an external heat exchanger and a He pressure of 10 mbar at the back side of the wafer was used to favor heat transfer between both parts. Moreover, thermal glue was employed to achieve thermal contact between the sample and the wafer. Herein, the typical conditions for etching were 1500 W source power ͑rf 13.56 MHz͒, Ϫ200 V dc self-bias ͑rf 13.56 MHz͒, 40 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ total gas flow, 10 mTorr gas pressure, and 5 min etching time. Nevertheless, these parameters have been varied over the following ranges: source powers of 800 and 1500 W, dc selfbias from 0 to Ϫ400 V, gas pressure of 5-20 mTorr, gas mixture of 0%-100% Ar in SF 6 , and etching time of 0-10 min. We have verified that for all these conditions, our reactor generates dense plasmas 18 that allow us to control the ion energy independently from the ion flux 20,21 ͑as we previously achieved with fluorocarbon gas͒. Therefore, the power delivered to the substrate holder is mostly dissipated into the sheath: Rather than contributing to the plasma generation, it mainly serves to accelerate the positive ions toward the substrate. 22 Surface chemical modification was characterized by in situ x-ray photoelectron spectroscopy ͑XPS͒ on a Leybold-LH11 apparatus connected to the etching chamber with a vacuum transfer system. Analyses were carried out with the Mg K␣ ͑1253.6 eV͒ radiation, using a 50 eV bandpass energy ͑under these conditions the overall spectral resolution is 1.0 eV͒. Quantitative analysis of relative atomic concentrations was performed using the surface peak areas corrected from the analyzer transmission function and from the atomic sensitivity factors supplied by the manufacturer.
A stylus profiler ͑Veeco Dektak 8͒ was used to probe the surface roughness, Ra, on a large scale, as well as to obtain the etched depth from step measurements. The latter end point value was subsequently converted into etch rate, R etch , assuming steady etching conditions ͓which is supported by Fig. 3͑a͔͒ . On the other hand, secondary electron microscopy ͑on a Jeol 6400F͒ and atomic force microscopy ͑on a Veeco Nanoscope III operating in contact mode͒ were employed to characterize changes in the surface topography and probe the surface roughness on a short scale. For all the samples, we have observed a good consistency between large and short scale measurements. In order to investigate the plasma, a planar probe and optical emission spectroscopy ͑OES͒ were used to measure the positive ion current and the atomic fluorine concentration, respectively, about 50 mm above the wafer surface. More precisely, the ion current was collected by a planar probe consisting in a 7 mm diameter central collector and a 16 mm diameter guard ring which, in operation, were both biased at Ϫ50 V. On the other hand, optical emission from the plasma was collected with an optical fiber oriented towards the center of the reactor. The light was then analyzed with a monochromator ͑Jobin-Yvon HR460͒ equipped with a photomultiplier ͑Hamamatsu R928S͒. used as an actinometer to obtain the relative fluorine concentration ͑5% argon was added to the gas feed for measurements on "pure SF 6 " plasmas͒. In the case of SF 6 / Ar mixtures, a correction has been applied to the actinometric ratio to take into account the varying percentage in actinometer,
where Ar% stands for the argon percentage in the SF 6 / Ar mixture and referenceAr% corresponds to 5%. The fluorine concentration, n F , was finally obtained from the argon one, n Ar , using
k eAr and k eF herein represent, for Ar and F, respectively, the rate constants of excitation driven by electron impacts whereas Q Ar and Q F are the corresponding quantum yields of emission at the considered wavelength. The ratio Q Ar / Q F was taken as 1.18, 25 whereas the rate constants for the excitation of Ar and F were calculated from the corresponding electron cross sections 26, 27 using the electron temperature experimentally measured with a cylindrical probe 28 ͑k B T e ϳ 2 eV͒. It yielded k eAr / k eF ϳ 0.95.
III. RESULTS AND DISCUSSION

A. Etch characteristics versus etching time
Relative atomic compositions of the glass surfaces etched in the SF 6 plasma were obtained from XPS spectra and plotted in Fig. 1 . For all the materials, fluorination of the surface occurs to the detriment of the oxide moieties. However, not all the fluorides are similar and we herein have to distinguish the ones that are highly volatile from the ones that are less volatile. Indeed, SiF 4 and BF 3 have standard boiling points at Ϫ86 and −101°C, respectively, while BaF 2 , NaF, KF, ZnF 2 , AlF 3 , and TiF 4 have standard boiling points at 2260, 1702, 1502, 1500, 1276, and 284°C, respectively. 29 Detailed analysis on Pyrex accordingly reveals the formation and accumulation of some metallic fluorides ͑i.e., NaF and AlF 3 ͒ by reaction of the F radicals with the surface atoms, which is indicated by peak shifts in the Al 2p and Na 1s spectra ͑Fig.
2͒. Furthermore, elemental constituents that form volatile fluorides ͑i.e., Si and B͒ see their relative concentrations decreasing whereas those that give non-or weakly volatile fluorides ͑i.e., Al, Na, Ba,…͒ have concentrations that increase ͑Fig. 1͒. In fact, surface composition changes sharply within the first minute for all the glasses. For Vycor, AF45, and D263 it then remains almost constant while for Pyrex it continues to vary at least until the tenth minute. Similar observations were previously made by Metwalli et al.
14 on Borofloat, which composition is close to that of Pyrex, and on AF45. The difficulty to reach a plateau regime for Pyrextype materials could be due to the high increase in the surface roughness with time, as detailed below ͓Fig. 3͑b͔͒. Figure 3͑a͒ presents the etched depth as a function of the etching time. We observe a linear variation for all the materials, affirming that the etch rates are steady along the process. Furthermore, we notice that Pyrex and Vycor have much larger R etch values than D263 and AF45. Our results thus confirm that a relationship exists between a low etching efficiency and a high concentration in metallic oxides in the glass. 3, [12] [13] [14] 16 Indeed, differences in material densities cannot justify the discrepancy between the observed etch rates: the latter vary by more than a factor 2 whereas the former do not differ by more than 20% ͑Table I͒. Thus, the metallic oxides form highly nonvolatile compounds, such as AlF 3 , BaF 2 , NaF, KF, and ZnF 2 , that remain on the surface and prevent the removal of volatile species, such as SiF 4 and BF 3 . However, the constant etch rates ͓Fig. 3͑a͔͒ and surface composition ͑Fig. 1͒ for all Pyrex, D263, and AF45, indicate that a stationary regime establishes after 1 or 2 min, the evacuation of poorly volatile species then taking place over time at a steady, although rather low, rate.
As the etched depth, the surface roughness also increases linearly with time. After 10 min of processing, it reaches significant values for Pyrex and D263, in the order of 50 and 20 nm, respectively ͓Fig. 3͑b͔͒. On the contrary, Vycor and AF45 exhibit surfaces that remain very smooth ͓Ra Ͻ 5 nm; Fig. 3͑b͔͒ . We also observed that the two former glasses, which develop the largest roughness, are those which surface compositions take the longest time to stabilize ͓Figs. 1͑b͒ and 1͑c͔͒. One may hypothesize here that the oxides that yield nonvolatile species are not homogeneously distributed in the material, thus resulting in an etch rate that vary from place to place and thus in more dynamic phenomena at the surface ͑vide infra͒. Figure 4 shows the etched surface morphologies obtained by AFM for Pyrex, D263, and AF45. These measurements reveal that the Pyrex surface is regularly covered with structures that rise up to 550 nm in height ͓Fig. 4͑a͔͒. On the contrary, the surface roughness of D263 is not uniform ͓Fig. 4͑b͔͒. Some peaks can locally reach 350 nm while the rest of the area stay relatively smooth, with structures that do not exceed 50 nm in height ͓Fig. 4͑c͔͒. Finally, with structures smaller than 5 nm, the etched surface of AF45 is very flat compared to that of Pyrex and D263 ͓Fig. 4͑d͔͒. In summary, we observed that ͑i͒ although Pyrex contains the least metallic oxides, it exhibits the most important roughness; ͑ii͒ the Ra value for D263 is larger than the one for AF45, which itself is typically similar to the one for Vycor. Therefore, no clear correlation can be established between the metal content of the glass and the surface roughness. Nevertheless, we can formulate the following scenario. A peak forms when enough nonvolatile species have accumulated at a given place on the surface, thus yielding a micromask that impedes material removal. However, as this micromask is gradually sputtered away, the local slow down in the etching process is only temporary and the structure is soon eroded. Hence, the overall roughness depends on the micromask surface density as well as on their average lifetime, these two parameters being related to the local composition. We thus assume that the significant roughness characterizing both Pyrex and D263 is obtained since metallic oxides are less homogeneously distributed in these materials. Conversely, despite the high amount of barium oxide contained in AF45, it seems that a uniform BaF 2 -like coating causes a low etch rate and yet a smooth surface. 
B. Etch characteristics versus dc self-bias and bias power
For all the glasses and up to Ϫ300 V, the etch rate increases while increasing the dc self-bias ͓Fig. 5͑a͔͒, which is in line with literature. 15 It can be explained by the fact that the energy needed to break the Si-O and the metal-O bonds, and thus to evacuate the fluorinated molecules, is mostly provided by the ions. Furthermore, as indicated by the values obtained by extrapolating Fig. 5͑a͒ curves at zero etch rate, the energy threshold is roughly null for Vycor and Pyrex and of around 70 eV for D263 and AF45. Finally, beyond Ϫ300 V the etch rates of D263 and AF45 continue to increase whereas the ones of Vycor and Pyrex remain almost constant.
For Vycor and AF45, the surface roughness remains typically even with the ion energy while for D263 it increases with the dc self-bias ͓Fig. 5͑b͔͒. In the case of Pyrex, the roughness grows up to 250 V and then decreases for larger biases. This phenomenon was already observed by Li et al. 15 Our interpretation is that increasing the sputtering energy might prevent the formation of micromasks that further evolve in peaks or columns. Indeed, the sputtering yields of the Al and Na fluorides might rise faster than the ones of the species issued from Si and B. Figure 6 displays increasing etch rates as a function of the bias power, which is typical. 3, 16 Moreover, for each material data points fall along a unique curve whatever the source power is, 800 or 1500 W. Consequently, the etching mechanism is directly controlled by the bias power that is representative of the ion energy flux brought to the substrate. The drop of the dc self-bias by about 75 V when the power source changes from 800 to 1500 W is here offset by the increase in the ion flux. One can therefore conclude that the etching mechanism of silica glasses depends only on the ion energy flux that strikes the surface and on the neutral flux.
C. Etch characteristics versus pressure
The etch rates for all the materials increase with decreasing pressure ͓Fig. 7͑a͔͒. However, decreasing the latter parameter requires to increase the bias power to maintain a constant dc self-bias ͑here at Ϫ200 V͒. Thus, assuming that the ion transport through the sheath is collisionless in the investigated pressure range, the ion flux accordingly increases. In such situation, the removal of the materials forming the less volatile species is the most favored ͓Fig. 7͑a͔͒. For all the studied glasses and under our typical conditions, it yields etch rates over 130 nm/min at 5 mTorr.
Vycor and AF45 exhibit smooth surfaces for all the explored pressures ͓Fig. 7͑b͔͒. On the opposite, the roughness of D263 increases steadily when the pressure is decreased. Another phenomenon, which is quite remarkable, is the strong decrease in the roughness for Pyrex when the pressure is decreased from 10 to 5 mTorr. This behavior was similarly observed by Li et al., 15 also to a greater extent, for pressures lower than 7.5 mTorr. Nevertheless, in our case XPS analyses do not reveal any significant differences in the surface composition over the 5-10 mTorr pressure range ͑data not shown͒.
In summary, decreasing the pressure to 5 mTorr allows to increase the etch rate significantly without increasing too much the surface roughness, except for D263. Thus, it represents a key parameter to improve silica glasses processing. 6 / Ar mixture Figure 8͑a͒ shows, for the different glass types, the etch rate as a function of the SF 6 / Ar mixture content. For Vycor and Pyrex, R etch decreases when increasing the argon percentage. As displayed in Fig. 8͑b͒ , the positive ion current remains constant for gas mixtures up to 90% argon while the fluorine concentration conversely decreases. Thus, the drop in both Vycor and Pyrex etch rates can be explained by the one of the fluorine flux. In contrast, R etch for D263 and AF45 is almost constant up to 30% argon in the mixture. Then, the etch rate of D263 slightly increases between 30% and 50% and finally follows the trend of the Vycor and Pyrex curves above 50%. For AF45, the etch rate remains even until 70% argon, beyond it increases up to 90% before a final drop. Therefore, similar to the Vycor and Pyrex cases, R etch for the two latter glasses drastically diminishes beyond 90% argon because of a complete lack of fluorine. To summarize, also in different ways, surface fluorination plays a key role in the etching mechanism of the four glasses.
D. Etch characteristics versus argon percentage in the SF
The present etch rate evolution with the argon percentage can qualitatively be explained using an ion enhanced chemical etching model, which takes into account the ion/neutral synergy. 30, 31 If we neglect both purely chemical and purely physical processes, the etch rate can be expressed as 
where a is the average distance between the different reactive sites on the surface, Y͑E͒ is the energy dependent sputtering yield for sites covered by fluorine, S is the sticking coefficient of fluorine onto uncovered sites, ⌫ F is the fluorine flux, and ⌫ i is the ion one. According to this model, the etch rate to ion flux ratio, R etch / ⌫ i , depends on the ⌫ F / ⌫ i ratio with two different regimes. In the first one, which corresponds to ⌫ i Y͑E͒ ӷ⌫ F S, R etch / ⌫ i strongly increases with ⌫ F / ⌫ i . This behavior is encountered at high ion flux and the etching kinetics is limited by the reaction rate of fluorine with the surface. Equation ͑3͒ here reduces to R etch ϳ a 3 ⌫ F S. On the contrary, the second regime is associated to ⌫ i Y͑E͒ Ӷ⌫ F S and R etch / ⌫ i reaches a plateau. 33, 34 It holds for high fluorine flux and thus the etch rate is limited by the effects of the ion bombardment. Equation ͑3͒ then develops in R etch ϳ a 3 ⌫ i Y͑E͒. Figure 9 reports experimental data for R etch / ⌫ i , collected using various conditions for the gas mixture and the operating pressure. Data for Vycor and Pyrex follow the above model although we mainly see the sole ⌫ i Y͑E͒ ӷ⌫ F S regime. Thus, under our experimental conditions and for these two materials, we have to consider an etching mechanism where the fluorine flux is limiting. Oppositely, for D263 and AF45 fluorine saturation is reached for lower ⌫ F / ⌫ i critical ratio. Moreover, we observe a fall in R etch / ⌫ i before reaching the plateaus that would correspond to the ion flux limiting regime: e.g., for AF45 R etch / ⌫ i drops from 0.18 at ⌫ F / ⌫ i =40 down to 0.1 at ⌫ F / ⌫ i Ͼ 70. It thus reveals a new ion assisted etching mechanism associated with constant R etch / ⌫ i values that are lower than the expected ones. We suggest that this phenomenon is a consequence of the formation of a metallicfluoride blocking layer at the glass surface, which was not taken into account in our simple model. This interpretation is supported by XPS measurements as a function of ⌫ F / ⌫ i ͑data not shown͒.
To extract more quantitative data, Fig. 9 curves were fitted to Eq. ͑3͒. However since too few points were available in the ⌫ i Y͑E͒ ӷ⌫ F S regime for AF45, we could not obtained reliable parameters for this glass. The extracted sputtering yield for Vycor, Pyrex, and D263 are 0.66, 0.61, and 0.41 molecules per ion, respectively ͑at a 205 eV ion energy, which corresponds to a Ϫ200 V dc self-bias and a 5 V plasma potential͒. It agrees with how the plateau positions compare between the different curves in Fig. 9 . Moreover, it is also in line with the respective energy thresholds estimated from Fig. 5 data ͑vide supra͒. Finally, it is interesting to note that the Y͑E͒ value for Vycor is within the same order of magnitude than the 0.50 one obtained by Gray et al. 34 for SiO 2 . On the other hand, the sticking coefficients obtained for Vycor, Pyrex, and D263 are 0.009, 0.008, and 0.01, respectively. At the moment, we do not know whether it is accidental to observe similar values for the three glasses or whether this parameter is intrinsically invariant with the amount and the nature of the metallic oxides. These are open questions. Yet, to our knowledge, it is the first time that such data are estimated experimentally for silica glasses.
E. Search of etching optimal conditions for each glass
In this section, using the previous information, we attempt to obtain optimum pattern transfer conditions for each glass, i.e., process parameters that yield the highest etch rate as well as a surface roughness lower than 5 nm. Difficulties are due to the metallic components contained in the material, which cause a low R etch ͑in the case of AF45 and D263͒ and a huge surface roughness, which furthermore increases with the etched depth ͑in the case of Pyrex and D263͒. However, it seems that these two effects can be countered by using a unique solution, which consists in increasing the ion to neutral flux ratio by decreasing the pressure and increasing the percentage of argon in the mixture. Note here that the adverse effect of Ar addition on R etch ͓Fig. 8͑a͔͒ will be balanced by lowering the pressure ͓Fig. 7͑a͔͒. During this optimization procedure, we kept the dc self-bias constant to avoid a loss of selectivity between the Ni mask and the glass substrate ͑at 5 mTorr the ratio between the two etch rates varies from 55 for Vycor to 27 for AF45͒.
Figures 10-12 display the surface roughness as a function of R etch when different etching conditions are used to process Pyrex, D263, and AF45, respectively. In the case of Pyrex, at both 5 and 10 mTorr, the etch rate decreases when increasing the argon percentage in the mixture. In the case of D263, again at both pressures, the etch rate increases up to 50% argon in the mixture and then decreases. Except at the highest Ar concentrations, the etch rate at 5 mTorr is higher than the one at 10 mTorr. Conversely, for AF45, whatever the argon percentage in the mixture, etch rates at 5 mTorr are always greater than the ones obtained at 10 mTorr. Moreover, R etch remains constant up to 50% argon in the mixture and then decreases. Concerning the roughness, it approximately follows the evolution of etch rate for both Pyrex and D263, which agrees with literature for former. 3, 16 Besides, Ra always remains low, in the order of some nanometers, for AF45. Consequently, the optimal conditions are 5 mTorr and 50% argon, 5 mTorr and 70% argon, and 5 mTorr and 50% argon for Pyrex, D263, and AF45, respectively.
The above conditions seemed conducive to the etching of trenches and pattern transfer tests were thus undertaken. First, Fig. 13 clearly shows that for Pyrex, decreasing the pressure improves the anisotropy, which is in line with a decreasing number of collisions in the sheath and therefore, a more vertical trajectory for the impinging ions. The etching carried out at 5 mTorr and 50% argon allows to achieve trenches with straight walls and only few peaks at their bottom. Second, Fig. 14 indicates that for D263, increasing the argon percentage in the mixture favors the removal of the deposit in the trench and thus reduces the roughness. It yields a smoothness as good as the one obtained in the Pyrex case. Furthermore, no microtrenching is observed, although at the expense of less vertical walls. Finally, for AF45 no satisfying conditions could be found for trenches etching. Indeed, the etch rate measured when processing patterned samples is lower than when dealing with unpatterned ones. For instance, when using 50% of Ar in the mixture and a 5 mTorr pressure, R etch drops from 0.14 m / min in the latter case ͑Fig. 12͒ to 0.05 m / min in the former ͓Fig. 15͑a͔͒. We infer that this effect might be related to some accumulation at the trench bottom of Ni atoms sputtered away from the mask. Moreover, as such reduction in the etch rate was null for the Vycor and Pyrex patterned samples and moderate ͑ϳ30 nm/ min͒ for the D263 ones, we also hypothesize some synergistic contribution between the nickel and the metallic elements initially present in the glass.
IV. CONCLUSION
The etching in SF 6 / Ar ICP of four commercial borosilicate glasses-Vycor, Pyrex, D263, and AF45-has been investigated in order to optimize a process enabling the fabrication of biochips cheaper than the ones made of quartz or pure fused silica. Whatever the conditions are, we first al- ways observed a negative correlation between the etch rate and the amount of metallic oxides contained in the substrate. In fact, metals yield nonvolatile fluorides that do not desorb easily from the surface. Second, we noticed that no clear relation could be established between the roughnesses of the etched surface to the global composition of the glass. We therefore hypothesize that local elemental variations may play a role. Vycor and AF45 display a smooth surface, independent of the etching time, whereas Pyrex and D263 exhibit an important roughness, which additionally increases with the processing time. The surface of the former materials should then be more homogeneous than the one of the latter, on which micromasking is responsible for the formation of peaks and columns. By varying the amount of Ar in the gas mixture, we could obtain different fluorine to ion flux ratio and evidence that silica glasses obey an ion enhanced chemical etching mechanism. More precisely, using our plasma parameters, Vycor and Pyrex are always processed in conditions where the supply in neutrals is limiting while for D263 and AF45, we are often in a regime where the etch rate depends on the intensity of the ion bombardment. These results are in line with higher dc self-bias thresholds and lower sputtering yields for the two latter glasses: As the percentage of metallic elements increases, stronger ion assistance is requested. Moreover, for D263 and AF45 we could show that at very low Ar to SF 6 ratio, physical removal of materials is not sufficient anymore to prevent the formation of a blocking layer made of metallic fluorides. The etching then follows a new mechanism which, similar to the previous regime, is mainly based on sputtering.
Looking for plasma conditions where smooth surfaces could be obtained while maintaining a reasonable fabrication throughput, we decided to increase the ion flux to neutral flux ratio in order to favor micromasks removal. Accordingly, for all glasses, increasing the argon percentage in the mixture and reducing the pressure yielded a roughness lower than 5 nm and an etch rate higher than 130 nm/min. As these findings could then satisfactorily be applied to pattern transfer in both Pyrex and D263, our next studies will aim at finding conditions that lead to deeper trenches. On the contrary, for AF45 the etch rate for features was found very low and to remedy this problem one maybe have to shift to some chlorinated gas. Indeed, metals such as aluminum are easily processed using such chemistry. 
